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1 Introduction

The developmentof quantummechanic§¥QM) (the Schibdinger Equation, H¥ =
ET), placedatheoreticafoundationunderthe experimentakcienceof chemistry One
couldargue(asdid Diracin afamousquote)thatunderstandinghemistryis justamat-
ter of solvingtheseequations.In fact, this is not correct. Doing chemistryrequiresa
qualitatve understanding@f how a reactionwould changeif the solvent,temperature,
or pressurds changedor if the concentration®r ingredientsare changed. Assum-
ing thatwe could actuallysolve the SchibdingerEquationfor ary specifiedconditions
wouldnotnecessarilprovide ary understandingf thechemistry We requireconcepts
basedon QM, but which allow usto make comparisons. atoms to molecules, ground
to excited states, reactants to products, etc.

The orbital descriptionof atomsandmoleculeds probablythe mostpowerful uni-
fying concepto provide suchunderstandingAt thefoundationis the Aufbauprinciple
for atomssenesasa semi-unversalorderingof hydrogen-like orbitalsthat explains
theperiodicchangesn the groundstatecharactenf theatomsandtheir excited states.
Similarly, our mostpowerful conceptof molecularstructuresandpropertiesarebased
on combiningtheseatomicorbitalsin waysappropriatedfor molecules.Therearetwo
major paradigmdor doingthis:

1. Molecular Orbital (MO) Theory In MO theory one startswith a molecular
framework and considerscombinationsof the atomic orbitals optimumfor the
molecule. Theseone-electrororbitalsare orderedby enegy, andthe electrons
areusedto populatehelowestones(retainingthe Pauli principle—nomorethan
2 electronsper orhital). This approachs particularly usefulfor predictingex-
cited statesandis quite popularin spectroscop Also it is the framewvork used
in rigorousQM calculationghatgo by suchnamesasHartree-ock (HF), Self-
Consistentield (SCF),DensityFunctionalTheory(DFT). Thusto describeNs,
we would take the 5 occupiedatomic orbitals (denotedls, 2s, 2p,, 2p,, and
2p.) of eachN atomandform 10 molecularorbitals (denoteds, 1s, 0,15, etc)
andoccupy the lowest7 with 2 electronseach(onewith up-spinandonewith
down-spin).



2. ValenceBond (VB) Theory In VB theoryonestartswith the occupiedatomic
orbitals of the atomsand constructsa mary-electronwave functionto describe
bondingdirectlyin termsof theseatomicorbitals. This maysoundsimilarto MO
but the differenceswill becomdransparenbelon. VB theoryis mostusefulfor
describingreactionsandbonddissociations.This is because¢he mary-electron
statesof the atomsare built into VB. However, VB is computationallymuch
morecomplicatedhanMO andit is muchlessohbvioushow to describeexcited
statesn termsof VB. Importantchemicalconceptsuchasresonancarebased
onVB concepts.

In this chapterwe will illustratethe useof VB andMO conceptdor the simplest
moleculegH-, Hey) andthenapplytheseideasto two simpleproblemshatdetailhow
to usethem.

2 Bondingin Hj

We first considerthe smallestpossiblemolecule,HJ, consistingof one electronand
two protonsthat are separatedby a distanceR. This systemis sketchedin Figure1l,

wherethetwo protonsaredenotedasa andb. The mostimportantquestionis whether
this systemformsabond(i.e. is thelowestenegy for afinite valueof R).
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Figurel: Coordinatesystemfor Hy

2.1 Description Based Upon Linear Combination of Atomic Or-
bitals

Considerfirst the casewith R = oco. With the two protonsinfinitely far apart,the
groundstateis obtainedby placingthe electronin the 1s orbital of oneor the otherof
thetwo protons.Thisleadsto thetwo states H H+ and H+ H, which aredescribedy
thewave functions,

x¢ = Nexp(—R,) Q)
and

Xr = N exp(—Rp) (2)

respectiely, wherey, and y,. denotehydrogenls orbitals centeredon the left and
right protons. N is a normalizationfactor— a scalarfactorincludedto guaranteghat
thewave function containsonly oneelectron.



For finite R, the exactwave functionsno longerhave the atomicform, but useful
approximatevave functionsareobtainedoy combiningthe atomicorbitalsto form the
wave function

¢ =Cixe+ Crxr. 3)

This simplewave functionis oftenreferredto aslinearcombinationof atomicorbitals
(LCAOQ). Theoptimumlinearcombinatiorof atomicorbitalswave functionis thesym-
metriccombination,

Pg = Xt + Xr (4)

wherefor simplicity we now ignorethe normalizationfactor The othercombination
of theorbitalsis the antisymmetriccombination,

Pu = Xt — Xr (5)

whereagainwe ignorenormalization.

Theg andu labelsdenotethe symmetryof thewave functionswith respecto inver-
sion,andstandfor the Germarwordsgerade (even)andungerade (uneven). Although
symmetryargumentsanbe very powerful, we esche themhere,andthereademay
assumehattheselabelsrepresengood andungood.
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Figure2: Bondingof the g andu statesfor HF

Theenepiesfor thewave functionsy, andy,, in equationg4) and(5) areshavn as
afunctionof R in Figure2. Herewe seethatthe g stateis stronglybonding(theenegy
dropsasthe nuclei arebroughttogether) whereaghe u stateis stronglyantibonding
(theenepgy increasessthenucleiarebroughttogether).Thusstartingwith two atoms
at R = 2A(4 bohr), the g statewould experienceforces pushingit toward smaller
R, whereaghe u statewould hava a force pushingthe atomsapartto R = oo. The



objective of this sectionis to understandoth the the ¢, and¢y, statesbondingand
antibondingcharacter

2.2 Contragradience and the Origin of Chemical Bonding
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Figure3: Kinetic, T', and Potential,V, enegiesof the bondingg andantibondingu
orbitalsfor Hf . Note that eventhoughVj, is unstablethe T, effect compensateto
createabondingstate.

Startingwith the atomicorbitalsandcombiningthemto form MO’s we find thatg
is bondingandw is antibonding.Now we wantto understandvhat physicsunderlies
thebondingandantibondingcharacterOnecommonideais thatthe g coherensuper
positionof atomicorbitalscauseshe electrondensityto increasen the bondregion
andthatthis increasedthage attractsthe two positive nuclei, leadingto stabilization.
The resultingchangein the electrostaticenegy (denotedV;) is shown in Figure 3,
wherewe seethatit increases asthe atomsare broughttogether The problemis that
theincreasen thedensityin thebondregion comesat the expenseof adecreasein the
nuclearegion. As indicatedin Figure4 the potentialis mostnegative nearthenucleus
sothattheincreaseof the densityin thebondregionis antibondingn nature.

Theonly enegy termin additionto electrostaticss kinetic enegy. In QM, kinetic
enepgy (denotedasT’) hasadramaticallydifferentform thanthatof classicamechanics

(CM). ;

Toem = YR (6)
< (V®)? >
Ton = <0212, )
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Figure4: Potentialenegy for Hf . The potentialis -oo at the nucleia andb, andis
negative andfinite atthe midpoint.

whereV @ is the gradient(derivative) of the wave function. Thusin CM the lowestT'
is for p = 0 (electronstandingstill) while in QM it is lowestfor a very smoothwave
function(V® = 0).

Indeed,asis clearfrom Figure5, addingthe two atomicorbitalsto getg dramat-
ically decreaseshe gradientin the bond region; for v the subtractiondramatically
increaseshe gradient. Thesechangesn T are much larger thanthe changesn V.
Theresultis thatbondingis dominatedby the decreasén the kinetic enegy resulting
from the symmetriccombinationof atomic orbitals. The amountof the bondingde-
pendson how muchthe gradientdecreasesThus,for the bestbonding,we wantthe
casein which both atomicorbitals have large gradientsin oppositedirectionsso that
addingthemleadsto a big decreasén gradient. From Figure 3, we seethat T, has
aminimumat 1A. The reasoris madeclearin Figure6. For large distancesthe or-
bitalsin thebondmidpointregion have smallslopesandhencedo not changemuchin
forming ¢,,. For R nearzero,theatomicorbitalshave large gradientsut thedecrease
is only for the very small region betweenthe atoms,which is too smallto be signifi-
cant. Thus,the optimumbondingis createdat a distancewhereboth atomicorbitals
aresignificantatthebondmidpoint. This is approximatelythe sumof the atomicradii
(2 x 0.53A = 1.063).

2.3 TheNodal Theorem

We saw in Section2.2 that kinetic enegy dominateshbondingin Hy+. An analysis
of kinetic enegy allows usto make somegeneralpredictionsaboutthe shapeof wave
functions.

Considera onedimensionalpotentialV (z) andconsiderthe setof all eigenfunc-
tions (all solutionsof the SchiddingerEquation)

H¢; = E¢; (8)

We canshow quite generallythat, exceptfor very diabolical V' (z), the groundstateis
nodelesslt alwayspositive exceptat the boundariesyhereit goesto zero. A simple
exampleis seenwith H." wherewe found two orbitalsg andu. The nodal theorem
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Figure5: Bondingg orbital reducegshe electrondensityat the nuclei.
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Figure6: Overlapof 1s orbitalsat bonding(a) andtoo-close(b) distancespverlapof

2p orbitalsatbonding(c) andtoo-closg(d) distancesNotethatin bothof thetoo-close
examplesthe contragradientegion extendsover a smallerregion of spacethanin the
bondingexamples)eadingto lessstabilization.



tellsusthattheloweststateis g-like—nodelessWe will usethis below to work outthe
bondingin Hs.

3 BondinginH,

Now thatwe understandhe fundamentabf bondingin H} , we move our attentionto
Ho.

3.1 TheValence Bond Description of H,

In theVB descriptionof amolecule we startwith thefull wave functionfor eachatom
at R = oo andcombinethewave functionsto form thewave functionof themolecule,
andthenbring the atomstogetherto obtainoptimal bonding. For H, at R = oo this
consistsof two hydrogenatomsinfinitely far apart, say electronl on the left, and
electron2 ontheright. Thewave functionfor this configurationis

@4 (r1,r2) = xe(r1)xr(r2). ©)

This wave function ®, saysthatthe probability of electronl beingat a particular
positionis independenbf whereelectron2 is, andvice versa. Sincethe atomsare
infinitely far apart,the electronsshouldnot beinfluencedby eachother

Thereis a secondwave function thatis just asgood,or asbad, asequation(37),
namely

®y(r1,r2) = Xr(r1)xe(T2), (10)

wherethe electronshave beeninterchanged.This wave function @, is differentfrom
&, sinceelectronl is now on the oppositesideof the universe.However, the enegies
of &, and®, mustbethe same sinceelectronsl and2 have the samepropertieqthey
areindistinguishablgarticles).

We will find it usefulto combine®, and®, into two new wave functions,

3, P(1,2) = 4(1,2) + 25(1,2) = xe(1)xr(2) + xr(1)xe(2) (11)

(I)ZB(LQ) = ‘I)a(la 2) - (I)b(172) = Xl(l)Xr(z) - Xr(l)Xl(z) (12)

without normalization becausetfinite R thesearethe optimumwave functions.Be-
fore examining the enegies, we needto understanchow to think aboutthe relative
locationsof theelectrongn thesewave functions.

In Figure7, we plot the four wave functions, ®,, ®;, ®}'*, and®,;”. We see
that®!® hasanodalplane,correspondingo z; = z2, whereasp, doesnot. Indeed,
alongtheline betweenthe two peaksin Figure 7(c), we seethat the gradientof the
$,'F wave functionis smallerthanthatof &, or &, whereaghegradientof the ®}
wave functionis larger This decreasén the gradientof ®}'®, andincreaseor @, 7,
is inverselyrelatedto R. Thus,basedon kinetic enegy, we would expectthat<1>;’B
is bondingand®Y B is antibonding andindeedthis is the case asshavn in Figure8.
Here,theenepgiesE, and E,, for thevalencebondwave functionsof H, areshown.
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Figure?: (a)<I>a(1,2) = XZ(I)XT(2); (b) cbb(laQ) = Xr(l)Xf(2); (C) (I)g =®,+®, =
XeXr + XrXe (d) @u = <I>a + cI)b = XeXr — XrXe
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Figure8: Enegiesof the g andu statesof VB wave function.

3.2 TheMolecular Orbital Description of H,

The simplestwave function for Hs is to startwith an electronin the bestmolecular
orbital of H, andto placea secondelectronin this ¢, orbital. This leadsto the
molecularorbital, MO, wave functionfor Hs,

B9 (r1,12) = 0, (r1)py (r2)- (13)

Firstwe will examinethemeaningof thewave function(13). Thetotal probability
for electronl to be at somepositionr;, while electron2 is simultaneouslyat some
positionrs is

P(r1,13) = [®MO(r,12)|” = [0y (r1) P[0y (12) [ = Py(r1) Py (x2).  (14)

Thisis justthe productof theindependentprobabilitiesfor electronl to beat position
r1, andelectron2 to be at positionr,. Thus,the probability distribution for electronl
is independentf electron2. Considerthe analogousaseof areddie, electronl, and
agreendie, electron2. The probability of rolling ared 3 is 1/6 andthe probability of
rolling agreens is 1/6 sothatthetotal probability of gettingbothared3 andagreen5
is 1/6 x 1/6 equalto 1/36. The diceareindependensothatthe probabilitiesmultiply.
Summarizinga productwave function, asin equation(13), implies thatthe electrons
move independentiyof eachother, i.e. thereis no correlationof their motions.

In additionto usingthe ¢, molecularorbital, we may constructwave functionsof
H, usingthe ¢, molecularorbital,leadingto wave functionsof the form

MO (1,2) = pu(1)gy(2), (15)



8)19(1,2) = @y (1)pu(2), (16)
and
231°(1,2) = pu(D)pu(2), (17)

Sincethe ¢, orbital is antibonding,the abore wave functionsfor H, leadto much
higherenegiesthanequation(13), exceptat large R; we expectan enegy level dia-
gramasin Figure3.2.
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Figure9: Simpleenegy diagramfor molecularorbital wave functionsof Hs.

So far we have discussedhe molecularorbital wave function assumingthat the
bondingorbital ¢, is much betterthan the antibondingorbital ¢,,. This is true for
shorterinternucleardistanceR but doesnot remaintrue asthe bondis stretchedand
broken. In generalmolecularorbital wave functionsleadto a goodvaluefor the bond
lengthbut a very poordescriptionof the processesf dissociation.

Theorigin of this problemcanbeseerby substitutinggheatomicorbital description
of themolecularorbital (4) into the molecularorbital wave function (13), leadingto

MO(1,2) = xexe + XoXr + XeXr + Xrxe = @Y B + BLON, (18)

(againignoringnormalization)where

)P = xoxr + Xrxe (19)

SION = xoxe + XrXr (20)
At verylarge R, theexactwave functionwill have oneelectronneartheleft protonand
oneattheright, asin equation(19), which we will referto asthe covalentpartof the
wave function. The othertermsof (18) have both electronsnearone protonandnone
nearthe other, thuscreatinganionic wave function. At R = oo, theseionic termslead
to the enegy of H~ andH3 ratherthanthe enegy of two hydrogenatoms. Sincethe
molecularorbital wave function musthave equalcovalentandionic contributions, it
yieldsunfavorableenegiesfor large R.

The basicproblemwith the molecularorbital wave functionis that both electrons
arein thesamep, orbital,andhence gachelectronhasanequalprobabilityof beingon
eithercenterregardles®f theinstantaneoucationof the otherelectron.Iln theexact

10



wave function,the motionsof the electrongendto becorrelatedsothatif oneelectron
is ontheleft, the othertendsto be on theright. This correlationis necessarilygnored
in themolecularorbital wave function,andtheresultingerroris oftenreferredto asthe
correlationerror. For small R, thetwo centersarecloseto eachother, andthis neglect
of correlationis not particularlyimportant. At R = oo, however, the correlationof
electronsis of paramounimportanceand neglect of correlationleadsto ludicrously
poorwave functions.

In thenext sectionwe will discussa simplewave function,thevalencebondwave
function,thateliminatesthis problemof describingarge R.

3.3 Comparison of VB and MO Wave Functions
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Figure10: Enegiesof MO andVB wave functions.

Themolecularorbital wave functionis, ignoringnormalization
MO (1,2) = 0, (1)p(2) = [xexr + XrXe] + [Xexe + XrXr] 5 (21)
whereaghevalencebondwave functionis
®7P(1,2) = [xextr + xrxel - (22)

Theenegiesfor thesewave functionsarecomparedn Figure10, wherewe seethatthe
valencebondis alwaysbetter but thatthe differencebecomesegligible for small R.
Figure 10 illustratesthe enegy of the molecularorbital wave functionfor the ground
stateof H, with comparisorto thevalencebondandexactenegies.

The wave functionsarecomparedn Figure 11, shawving graphically how the va-
lencebondwave function hassmallerprobability of having z; = z», leadingto lower

11
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Figure1l: (a) @1 = ¢,(1)8,(2) (0) ®}'" = xexr + XrXe-

electronrepulsionenepgies. On the otherhand,the molecularorbital wave functionis
smootherleadingto smallerkinetic enepies. For normalbonddistancesthe electron
repulsioneffectsdominateso thatthe valencebondwave functionis better However,
for very short R, the kinetic enegy becomesdominant,so the molecularorbital and
valencebondwave functionsleadto nearlyidenticaltotal enegies.

Expandinghemolecularorbital descriptionof the excited statesn termsof atomic
orbitals,ignoringnormalizationjeadsto

)10 = (xe + xr) (Xell = Xr) = XeXt + XrXt = XeXr — XrXr (23)
and
807 = (xe — xr) (Xe + Xr) = XeXe — XXt + XeXr — XrXr- (24)
We may rewrite theseequationsas
)0 =" + IO (25)
MO = @B — pION (26)

(againignoringnormalization\where

@78 = XXt — XeXr 7)
CI)£ON = XeXe — XrXr (28)

Thatis, thefirst excited stateof the molecularorbital descriptionis identicalto thefirst
excited statein the valencebonddescription.Both describea covalentrepulsie state
thatseparateto two free H atoms.

Themolecularorbital descriptionof the otherexcited stateis

MO = (o — xr) (Xe — Xr) = XeXe + XrXr — XeXr + XrXe- (29)

12
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Figure12: Thegroundstateof C atom.

Recallingequation21) we seethatwe maycombinethe gg anduu MO wavefunctions
to form the VB descriptionof the bond:

3/ =)0 — A2 )1° (30)

where) is ascalarfactor andwe againignorenormalization.Thus,we canfix up the
molecularorbital wave functionsothatit behaeslik e the valencebondwave function,
by mixing togetherthe & ){© and®7° wave functions.

4 Bonding Hydrogen to Carbon

Theprinciplesof bonding,discussedh simpleexamplesabove,applyalsoto chemical
bondingin general. In this section,we will apply thesesimple valencebondideas
aboutchemicalbondingto simplehydrocarborexamples.

4.1 Ground State of Carbon Atom

The ground state (3 P) of carbonhasthe electronicconfiguration(1s)?(2s)?(2p)?.
Herethels electronsarecore electronsandstayvery closeto the nucleus andthusdo
not participatein chemicalbonding. Thus,whenwe considerthe chemicalbondingof
C atom,we normallyonly considerthe behavior of the other, valence electrons.

Schematicallywe representhe wave functionfor C atomin Figure12. Theovals
above andbelow the atomindicatea lobe orbital — the 2s pair of electronsthat have
hybridizedwith the 2p, orbitals; the line connectingthe lobe orbitals indicatessin-
glet pairing of the electronsin the orbitals. The dotswithout lines connectedo them
indicateelectronghatarenot spinpaired.

We now considerbindinga H atomto the groundstateof C.

4.2 Low-Lying Statesof CH,,

Theloweststatesof CH arisefrom bondinganH to eithera carbonp orbital, forming
the2TI groundstate,asin Figure13, or to alobeorbital forming the*Y ™~ state,shovn
in Figure14.

13
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Figure13: BondingaH to a C p orbital, resultingin the2II state.

ofes

Figure14: BondingaH to a C lobeorbital, resultingin the*X ™ state.

Themajordifferencebetweerthetwo stategs thatin orderto bondto alobeorbital,
thetwo lobe orbitalsmustundothe spinpairing; suchrearrangemertostsenegy and
wealenstheoverallbond. Thus,bondingto thep orbital, forming the2II state s more
favorable.

Now we take the Il stateof CH, andbondanotheH to it to form CH,. Thelowest
statesof CH, areobtainedby bondingan H, eitherto a p orbital leadingto a singlet
state(* 4;), shavnin Figure15, or alobeorbital, leadingto atriplet state(® B, ), shovn
in Figure16.

For CH,, the® B, stateis favoredby 9 kcal/mol. Interestinglyfor SiH,, thel A; is
morefavorable,lying 18 kcal lower thanthetriplet state. ComparingCH, with SiH,,
thereare two importantfactorsfavoring the 3 B, staterelative to the ' 4;. First, the
bondsof the ! 4; stateinvolve perpendiculap orbitals, and hence,will favor small
bondangles,approximatelyd0°. The bondsin the®B; state favor largerangles ap-
proximately128°, vide supra. For first row compoundstheimportanceof bond-bond
repulsionswhich arelargestat smallbondangles)eadsto a significantincreasen the
enepy of statesnvolving smallbondanglesyelative to thosewith largerangles.This
affectincreasesheenepy of the! A, staterelativeto the®B; state.Thesecondactor
thataccountfor thefavoring of the 3 B; stateis thatthelobeorbitalsof first row atoms
arecloserin enegy to p orbitalsthanin atomsin the Si row. The!A4; stateinvolves
two bondsto p orbitals, while the 2B, stateinvolvesonep bondandonelobe bond.
Thus,this seconceffectalsolowerstheenepy of the3 B, staterelativeto the! A; state
for CHz. Thenetresultis thatthe orderingof the first two statesof CH, is inverted

14



Figure15: The' A; stateof CH,.

Figure16: The®B; stateof CH,.
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Figure17: Optionsfor bondingto the® B; stateof CHs.
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Figure18: Two methylene® B; moleculeforminga s andax bondin ethylene.

with respecto the enegiesof SiH,.

Startingwith the 3 B; groundstateof CH, therearetwo possibilitiesfor bonding
a third hydrogen,the unpairedliobe orbital or the pz orbital. Thesetwo optionsare
shavn asB andC, respectiely, in Figurel7.

Again, dueto the importanceof bond-bondinteractionsthe lower configuration
will betheonewith largerbondangles.Bondingto thelobeleadsto planarCHjs, with
120 bond angles,whereashondingto the pr orbital leadsto two 90° bond angles.
Thus, the lowestenegy configurationof CHjs is planar whereasSiH; wasfoundto
be pyramidal. Becausef the ability of 3B; CH, to bondanH to eitherthe lobeor p
orbital, thefirst constanfor pyramidaldistortionof CHjz is quite small.

4.3 Ethylene

VB theoryallows usto startwith two methyleneadicals,CH,, in thegroundstate and
forming ethylene H,C=CH,, we canform both a sigmabondanda pi bond,leading
to the planarmoleculeethylenemoleculeshovn in Figure 18.

In the triplet stateof CH,, the HCH bondangleis 132.2, but forming a bondto
the carbonshoulddecreasghis angle becausef Pauli repulsiondueto the new bond
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Figure19: Twistedethylenewhereonly a o bondmaybeformed.

pair. Thus,in CH; thebondangleis decreasetb 120° andin ethylenethe HCH bond
angleis decreaseéurtherto 117.6.

Considemow thecasewherethe planeof onemethylenegroupis rotatedaboutthe
CC axis by an angleof 90° with respectto the other The structureof the resulting
moleculeis shavn in Figure19. Hereonly a sigmabondis formed. The nonbonding
orbitalsw, andw, canbe combinedinto singletandtriplet states.The singletstateis
usuallyreferredto as N, for normalor groundstate andthetriplet stateis referredto
asT. Basedsolely on Hund's rule, we would expectthe T' stateto be slightly lower
thanthe V statefor the twistedgeometry However, sincetheseorbitalsarelocalized
ondifferentcenterstheenegy splittingis quitesmall,approximatelyl—2kcal. In fact,
othersmalleffectsleadto the N stateat90° beingaboutl kcal below the T state.

Comparisorof the enegiesof twisted and planarethyleneleadsto the resultsin
Figure20. Thessingletstateprefersplanargeometrysincethe overlapof ther, andr,
orbitalsleadsto a strongpi bond. However, for thetriplet state the 7, and,. orbitals
mustbe orthogonalizedo eachother andthis stateprefersthe 90° twistedgeometry

Accordingto Figure 20 the enepy to twist the N stateof ethyleneby 90° is 65
kcal, breakingthe pi bond. This barrierhasbeenobsenedexperimentallyfrom studies
of the kineticsfor cis-transisomerizationdi-deuteratecthylene.As the moleculess
rotated,the strengthof the pi bondis wealened,andthe CC bondlengthincreases.
Thus,for the N stateRcc = 1.34A atd = 0°, andRoc = 1.50A atf = 90°.

In the T state,the optimumgeometryis twisted,f = 90°, sincetriplet pairing of
the orbitals prefersthe pi orbitalsto not overlap. As the moleculeis twistedtoward
the planargeometrythe bondlengthincreasesrom CC = 1.50A at§ = 90° to CC=
1.57A at# = 0°, andthe enegy barrieris 25 kcal. Note thatin Figure 20 we shav
theT to N enepy separatioratf = 0, usingthe groundstategeometrythe adiabatic
excitationenegy for § = 0° is 91 kcal.
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